veolar fluids was almost all due to uPA rather than tPA (tissue-type plasminogen activator) (40) . The activity of uPA was downregulated by plasminogen activator inhibitor 1 (PAI-1), which is overexpressed in injured airways.
An elevation in PAI-1 level and activity, accompanied by a depression in uPA activity in the luminal fluid, is commonly observed in inflammatory, allergic, and fibrotic respiratory diseases (8, 39, 52, 59) . The uPA/plasmin system is pivotal for leukocyte migration and turnover and growth of pathogens. Mice lacking the uPA gene exhibit an accelerated fibrotic response postchallenge with mineral and silica particles (41, 42) . uPA is shown to be an important participant in host defense against opportunistic pathogens, such as Pneumocystis carinii, suggesting its critical role in the network of inflammatory events (2, 6, 21) . Furthermore, the binding and endocytosis of viral vectors by human airway epithelia are likewise facilitated by uPA (14) . On the other hand, uPA is implicated in neoplastic and metastases (16, 82) and is used as a potent pharmaceutical intervention to eliminate pathological fibrin deposition (69) , asthma (40) , and edematous disease (33) , where epithelial sodium channels (ENaC) are a major pathway for maintaining fluid homeostasis (17, 50, 53, 58) .
ENaC are apically located in the respiratory epithelium (see reviews, Refs. 17, 51, 53) . Four subunits have been cloned so far, namely, ␣, ␤, ␥, and ␦ ENaC in mammalian cells (1, 12, 46, 55) . The structure-function relationships of ENaC family members have been extensively reviewed elsewhere (7, (35) (36) (37) 66) . Abundant evidence shows that ENaC deficiency results in impaired fluid reabsorption in the respiratory system, as confirmed in conventional knockout mice deficient with sodium channel nonneuronal 1a (scnn1a), scnn1b, and scnn1g genes (5, 27, 28, 64 ). An association between airway surface fluid homeostasis and ENaC function was also confirmed in mice overexpressing ENaC (18, 47, 65) . The activity of apical ENaC is regulated by cAMP/PKA, ERK1/2, Akt, PKC, and PKG signaling pathways (3, 9, 43, 57, 75-77, 80, 83) . ENaC activity was maximally stimulated to a fully open level by serine proteases via proteolysis (11, 20, 26, 37, 60, 61, 67, 70) . In addition, Na ϩ -K ϩ -ATPase located in the basolateral membrane influences ENaC function by altering the driving force propelling Na ϩ ions across the tight epithelial layer. We set out to examine the regulation of ENaC by uPA in primary mouse tracheal epithelial (MTE) cells. ENaC activity in both intact and basolateral membrane-permeabilized cells shows a significant decrease in uPA knockout mice. Active electrical driving force, ERK1/2 phosphorylation, and proteol-ysis of ENaC may contribute to the decline in ENaC function underlying diverse mechanisms. To our knowledge, this is the first report demonstrating that urokinase upregulates ENaC activity in vivo and in vitro.
MATERIALS AND METHODS
Materials. Eight-to 12-wk-old, healthy C57/BL6 male mice weighing 20 -30 g and matched uPA Ϫ/Ϫ animals were purchased from Jackson Laboratories. Animals were kept under pathogen-free condi- Ϫ/Ϫ (light gray) cells were measured with an 8-chamber Ussing apparatus in parallel. Amiloride (Amil; 100 M) was added to determine the amplitude of ENaC channels. These recordings were repeated, and similar results were observed. B: basal ENaC activity. ENaC activity was calculated as the amiloride-sensitive fraction, the difference between the Isc values recorded before and after addition of amiloride. **P Ͻ 0.01. The number of monolayers for each group is included in parentheses. C: cyclic AMP (cAMP)-activated ENaC currents. ENaC activity was evoked by a cAMP-elevating reagent, forskolin (Fsk), in the luminal compartment. CFTRinh-172 was applied to the apical chamber to remove the cAMP-stimulated CFTR current. D: cAMPelevated ENaC activity in WT. *P Ͻ 0.05. N ϭ 6 -11. E: transepithelial resistance (RTE). The resistance values of monolayers were recorded simultaneously for both WT (black) and uPA tions. All procedures performed were approved by the Institutional Animal Care and Use Committee of the University of Texas Health Science Center at Tyler. Except where specifically noted, all reagents were from Sigma-Aldrich (St. Louis, MO). CFTRinh-172, amphotericin B, amiloride, and forskolin were reconstituted in DMSO. Benzamil and ouabain were reconstituted in sterile water.
Preparation of MTE cell monolayers. MTE cells were isolated from C57BL/6 and uPA Ϫ/Ϫ mice and cultured as reported previously (13) . Briefly, mice were anesthetized with intraperitoneal injections of ketamine HCl and xylazine. The trachea proximal to the bronchial bifurcation was isolated and removed. The resected section was immediately placed in PBS. Under a dissecting microscope, esophageal remnants and adherent adipose tissue were removed, and the tracheal sections were opened longitudinally, rinsed in PBS, and rotated in fresh DMEM containing 0.1% protease XIV, 0.01% DNase, and 1% FBS for 24 h. Cells were pelleted by centrifugation, suspended twice in fresh DMEM containing 5% FBS, and seeded onto 6.5-mm diameter, collagen-coated Transwell inserts (Corning-Costar, Lowell, MA) at a density of ϳ3ϫ10 5 cells/cm 2 . MTE cells were grown in a 1:1 mixture of 3T3 fibroblast preconditioned DMEM (containing 10% FBS, 1% penicillin/streptomycin) and Ham's F-12 medium, supplemented with 10 g/ml insulin, 1 M hydrocortisone, 250 nM dexamethasone, 3.75 g/ml endothelial cell growth supplement, 25 ng/ml epidermal growth factor, 30 nM triiodothyronine, 5 g/ml iron saturated transferrin, and 1 ng/ml cholera toxin. The culture medium on the basolateral side of the filters was replaced every 48 h. Apical medium was removed 4 days postseeding every time the basolateral culture medium was changed, and cells were cultured for 7 additional days at an air-liquid interface. Transepithelial resistance was monitored every other day when culture medium was replaced by use of an epithelial voltohmmeter (WPI, Sarasota, FL). Cell-growing inserts with a resistance Ͼ500 ⍀ were used.
Biotinylation and immunoblot assays. Primary MTE cells grown on permeable Transwell inserts were incubated with cell-impermeant sulfo-NH-SS-biotin (1 mg/ml, Pierce) in PBS (pH 8.0) for 30 min at 4°C. Biotinylated cells were harvested and lysed in lysis buffer (Cell Signaling, Danvers, MA). The biotinylated membrane proteins were purified with ImmunoPure-immobilized NeutrAvidin beads (Pierce). Quantified proteins were probed with specific antibodies against phospho-ERK1/2 (Cell Signaling), phospho-Akt (Cell Signaling), and caspase 8 (Cell Signaling). To quantitate phosphorylated ERK1/2 and Akt proteins, the blots were stripped and reprobed with an antibody against ezrin (as a loading control of plasma membrane proteins) or anti-pan-ERK1/2 or anti-pan-Akt antibody (Cell Signaling). Polyclonal antibodies against the COOH-terminal peptide (629 -650) of rat ␥ ENaC (Sigma, SAB5200107) were characterized by using both total and plasma membrane proteins of Xenopus oocytes expressing mouse ␥ ENaC with tagged at the NH 2-terminal tail by FLAG. Proteins were probed by anti-FLAG monoclonal antibody in parallel to the anti-rat ␥ ENaC antibody. Protein signals were detected by chemiluminescence (Millipore) with Genemate Blue Light Film (ISC). Densitometric analysis was performed with either QUANTITY ONE (Bio-Rad) or Adobe Photoshop CS3 (Adobe Systems).
Ussing chamber assays. Measurements of short-circuit current (I sc) in MTE monolayers were performed as described previously (23, 57) . Briefly, MTE monolayers were mounted in vertical Ussing chambers (Physiologic Instruments, San Diego, CA) and bathed with solutions containing (in mM) 120 NaCl, 25 NaHCO 3, 3.3 KH2PO4, 0.83 K2HPO4, 1.2 CaCl2, 1.2 MgCl2, 10 HEPES, 10 mannitol (apical compartment), and 10 D-glucose (basolateral compartment). Each solution was iso-osmolalic. The filters were bathed with the salt solution, bubbled continuously with a 95% O 2-5% CO2 gas mixture (pH 7.4). The transmonolayer potential was short circuited to 0 mV, and I sc level was measured with an epithelial voltage clamp (VCC-MC8, Physiologic Instruments). A 10-mV pulse of 1-s duration was imposed every 10 s to monitor transepithelial resistance. Data were collected with the Acquire and Analyze program (version 2.3; Physiologic Instruments). When the I sc level reached a plateau, drugs were pipetted to the apical compartment.
To evaluate either ENaC or Na ϩ -K ϩ -ATPase activity, a sodium gradient was established across the luminal or interstitial membrane, respectively, in permeabilized cells. The apical solution contained (in mM) 135 NaCl, 2.7 KCl, 1.5 KH 2PO4, 1.0 CaCl2, 0.5 MgCl2, 10 Na-HEPES, 10 mannitol. The basolateral solution was modified by Fig. 3 . ENaC activity in basolateral membrane-permeabilized monolayer cells. A: representative current traces in permeabilized monolayers. Ouabain was added to the basolateral compartment to prevent any residual activity associated with Na ϩ -K ϩ -ATPase. A Na ϩ gradient across the apical membrane was built to facilitate Na ϩ ion flow via ENaC. B: average ENaC activity. **P Ͻ 0.01. N ϭ 3-4. C: Na ϩ -K ϩ -ATPase activity in the apical membrane permeabilized MTE monolayer cells. The apical membrane of the monolayers was permeabilized with 10 M amphotericin B (Am-B). Benzamil was applied to inhibit potential residual activity associated with ENaC. A sodium gradient across the basolateral membrane was applied (145 mM in cytosol vs. 25 mM in serosal membrane). D: average Na ϩ -K ϩ -ATPase activity. Ouabain-inhibitable Isc fraction was taken as Na ϩ -K ϩ -ATPase activity. **P Ͻ 0.01. N ϭ 3-4.
substituting 125 mM Na ϩ ions with N-methyl-D-glucamine (NMDG). Amphotericin B was used to permeabilize either the apical or basolateral membrane (19) . In addition, the potential residuals of ENaC activity in the apical membrane-permeabilized cells and Na
ATPase activity in the basolateral-permeabilized cells were blocked by their specific inhibitors amiloride or ouabain, respectively. Measurements of fluid height. Air-liquid cultured MTE monolayers were apically covered with Texas Red-labeled 70-kDa dextran/PBS Western blots of total and phosphorylated (phospho) ERK1/2. Whole-lung homogenates were loaded for WT and uPAdeficient mice. These experiments were repeated 3 times. Densitometric ratio of phosphorylated/total proteins for ERK1/2 was computed. *P Ͻ 0.05. N ϭ 9. C and D: Western blots of total and phosphorylated Akt. Densitometric ratio of phosphorylated/ total proteins for Akt (D) . N ϭ 12. (2.5 mg/ml; Invitrogen) to measure fluid height above the apical plasma membrane (10) . The images were taken serially with x-z confocal microscopy. To determine average fluid height, five predetermined points, one central and four 2 mm from the edge of the culture, were x-z scanned. Perfluorocarbon (FC-77) was added following the addition of dextran to preserve fluid (79) .
Knockdown of ERK1/2. siRNA mixtures against ERK1/2 or scrambled siRNA (Cell Signaling) were transfected into polarized MTE cells with Lipofectamine 2000 according to the manufacturer's instructions. The final concentration of siRNA was 100 nM. The transfection reagent was removed after 12 h. ENaC functional assays were performed 48 h posttransfection.
Expression of mouse ENaC in Xenopus oocytes. Mouse ENaC plasmids with FLAG attached to the NH 2-terminal tail were a kind gift of Dr. Shaohu Sheng (University of Pittsburgh). Preparation of cRNA, microinjection, oocyte isolation, and cell culture were performed as described previously (34, 56, 84) .
Statistical analysis. Results are presented as means Ϯ SE. ENaC currents are defined as the difference between the total current and the amiloride-resistant current. One-way ANOVA analysis was used to analyze data via OriginPro 8.5 (OriginLab, Northampton, MA).P Ͻ 0.05 was considered statistically significant.
RESULTS

Characterization of ENaC activity in uPA knockout cells.
Benzamil is a specific and potent inhibitor of ENaC activity (38) . We examined dose-effect relationship of benzamil in MTE monolayer cells. As shown in Fig. 1A , the basal I sc level in wild-type (WT) cells is approximately fourfold that in uPA knockout preparations. The I sc values were inhibited by increasing the administered benzamil from 10 nM to 100 M (Fig. 1A) . The K i values for WT and uPA Ϫ/Ϫ cells do not differ significantly, as shown in Fig. 1B .
Reduction of ENaC activity in uPA-deficient MTE cells. Inflammation and suppressed uPA activity are known coexist in the injured airways. On the basis of the marked difference in ENaC activity between WT and uPA Ϫ/Ϫ cells, we postulated that uPA regulates ENaC activity in the airway epithelium. To test this hypothesis, we measured ENaC function in MTE monolayer cells collected from both WT and uPA Ϫ/Ϫ mice. MTE cells from age-and sex-matched mice were cultured at the air-liquid interface as described (13) . Basal activity in uPA Ϫ/Ϫ cells, as shown in Fig. 2A , was reduced compared with that in WT controls. Amiloride, a widely used inhibitor of ENaC activity, reduced the predominant fraction in both WT and uPA Ϫ/Ϫ cells. In sharp contrast, the transepithelial resistance did not show any difference between these two groups, although amiloride increased the value slightly (Fig. 2, E and  F) . uPA deficiency caused a reduction of ϳ40% in ENaC function (Fig. 2B) .
ENaC activity depends on its phosphorylation by the cAMP/ PKA signaling pathway. We therefore next examined the effects of uPA on cAMP-activated ENaC activity (Fig. 2C) . 
Cystic fibrosis transmembrane conductance regulator (CFTR)
is also a target of the cAMP/PKA signaling pathway and functionally interregulates ENaC. CFTRinh-172 was used to eliminate CFTR function. Similar to the basal ENaC activity, a significant reduction in the cAMP-elevated ENaC activity was observed in uPA Ϫ/Ϫ cells (Fig. 2D) . uPA deficiency downregulates ENaC activity in permeabilized cells. Na ϩ ion flow through ENaC channel pore is driven by both Na ϩ ion gradient across the apical plasma membrane and Na ϩ -K ϩ -ATPase at the basolateral membrane. To measure ENaC activity, Na ϩ -K ϩ -ATPase was eliminated functionally in the basolateral membrane-permeabilized cells. In addition, electrogenic Cl Ϫ flow via CFTR was completely blocked by symmetrical Cl Ϫ concentration across the apical membrane. Under these conditions, we reevaluated ENaC activity with a physiological Na ϩ ion gradient (Fig. 3A) . The rate of Na ϩ influx through ENaC shows a significant decrease in uPA Ϫ/Ϫ cells (Fig. 3B ). These data, combined with those from intact monolayer cells, support the concept that ENaC activity in MTE cells is downregulated in the absence of uPA. We next asked whether uPA knockout would affect Na ϩ -K ϩ -ATPase and indirectly downregulate ENaC by eliminating the transepithelial Na ϩ ion gradient. To answer this question, we compared Na ϩ -K ϩ -ATPase activity between WT and uPA Ϫ/Ϫ cells following apical membrane permeabilization (Fig. 3C) . Ouabain-inhibitable I sc fraction was ϳ50% that of WT cells. Clearly, depression of the driving force for ENaC results in reduced ENaC activity in uPA-deficient cells.
Phosphorylation of ERK1/2 and Akt by uPA. ERK1/2 and Akt are downstream components of the uPA/uPAR signaling pathway (74) . Furthermore, ENaC has been confirmed to be regulated by both phosphorylated ERK1/2 and Akt (3, 43, 45) . We reasoned that uPA deficiency regulated ENaC activity via modification of ERK1/2 and Akt phosphorylation. The first set of immunoblot assays was carried out with lung tissues. A significant elevation in the ratio of phosphorylated vs. total proteins for ERK1/2 was seen in uPA Ϫ/Ϫ lysates (Fig. 4, A and  B) . However, alteration in the phosphorylation status of Akt was not observed (Fig. 4, C and D) . We then repeated these intriguing observations in cultured primary MTE cells (Fig. 5 ). An incremental change in phosphorylated ERK1/2 proteins was found in uPA-deficient MTE cells (Fig. 5, A and B) . In striking contrast, a slight decline in phosphorylated Akt proteins was found (Fig. 5, C and D) . Is phosphorylation of ERK1/2 a mediator for the regulation of ENaC activity by uPA? To address this question, we knocked down ERK1/2 using specific siRNAs (Fig. 5E ). ENaC activity was restored up to ϳ90% of that in WT cells, indicating that uPA regulates ENaC via ERK1/2 phosphorylation.
Apoptosis is not involved in the reduction of ENaC activity. It has been documented that manipulation of uPA gene influences cellular apoptosis (24, 63) . Reduced ENaC activity could simply be due to abnormal cell survival. We addressed this issue by determining the expression of caspase 8, an apoptotic marker (15) , in the WT and uPA Ϫ/Ϫ MTEs. Neither full-length nor cleaved caspase protein expression were augmented (Fig.  6) . These results were supported by the transepithelial resistance measurement (Fig. 2E) and demonstrate that the decreased ENaC activity in uPA Ϫ/Ϫ cells is not attributable to apoptotic transformation of the cells.
Proteolysis of ENaC by uPA.
Urokinase belongs to the S1 family of serine protease. The active triad is composed of histidine, aspartic acid, and serine residues. Heterologously expressed both human and murine ENaC proteins have been confirmed to be proteolytically modified by plasmin (22, 60) . We postulate that uPA cleaves ENaC under physiological conditions and that uPA deficiency depresses proteolysis of ENaC. To characterize a new polyclonal antibody against the COOH-terminal peptide of rat ␥ ENaC, proteins in Western blots loaded with both total and plasma membrane proteins from cells expressing mouse ␥ ENaC served as positive controls. The construct was tagged at the NH 2 -terminal with FLAG that can be specifically recognized by a monoclonal antibody against FLAG. As shown in Fig. 7A , two specific bands (95 and 86 kDa) were seen with anti-FLAG antibody in lane 1, which was loaded with total proteins of cells expressing mouse ␥ ENaC with FLAG. Similarly, the polyclonal ENaC antibody raised with the COOH-terminal peptide of rat ␥ ENaC recognized the same signals in lanes 2 and 3, which were loaded with total and plasma membrane protein, respectively. Importantly, this polyclonal antibody detected a cleaved COOH-terminal fragment with a size of ϳ74 kDa in WT mouse lung tissues (lane 4). Furthermore, we quantitated the cleavage of ␥ ENaC in uPA-deficient lungs using ␤-actin as a loading control (Fig. 7B) . Indeed, catalysis of ␥ ENaC was significantly reduced in the lungs of uPA-disrupted mice (Fig. 7C) .
Contribution of uPA to airway luminal fluid homeostasis. Homeostasis of respiratory luminal fluid was mainly regulated by ENaC (44, 48, 49) . We postulated that uPA-mediated ENaC activity in the airway epithelial cells may affect fluid reabsorption. To test this conjecture, we measured fluid height at the apical surface of MTE cultures using a well-characterized visualization approach (25, 79) . As shown in Fig. 8 , the depth of apical fluid above the uPA-deficient cells was much greater than that of WT controls (P Ͻ 0.05).
DISCUSSION
Our objective in this study was to investigate the uPAmediated regulation of ENaC, a critical pathway for fluid resolution in the respiratory system. Our results show that ENaC activity is significantly downregulated in uPA-deficient Serine proteases such as trypsin, prostasin, chymotrypsin, plasmin, and leukocyte proteases proteolytically cleave ENaC ␣ and ␥ subunits. Near-silent native ENaC channels could be maximally activated following release of "inhibitory peptides," generated by proteases that occur in the airways. On the other hand, fibrinolytic proteases, including uPA and plasmin, are strongly implicated in the pathogenesis of numerous respiratory diseases (68) . Disruption of uPA may contribute to impaired ENaC activity and the pathogenesis of hypersecretive airway disorders. This notion is supported by the upregulation of ENaC function in uPA Ϫ/Ϫ cells by the addition of uPA and plasmin. Plasmin has been confirmed to cleave mouse and human ␥ ENaC when heterologously expressed in oocytes (60, 78) . Our results for the first time demonstrate that uPA cleaved ␥ ENaC under physiological conditions in vivo. Proteolysis of ENaC proteins leads to an increment in channel activity. Reduced cleavage of ␥ subunit could contribute to decreased ENaC activity in the airway epithelial cells of uPA knockout mice. We could not reliably detect the cleavage of ␣ ENaC owing to lack of antibodies that could effectively and specifically detect cleavage of the native murine proteins. To address this gap, an antibody must be raised against the extracellular loop away from the consensus extracellular cleavage domain distal to the M1 region or against the intracellular COOHterminal tail. Considering the uncertainty of the cleavage site for uPA, the best antibody is that raised against the COOHterminal tail of murine ENaC. Unfortunately, all currently available commercial anti-␣ ENaC antibodies used are directly against either the NH 2 -terminal tail or a peptide within the putative cleavage tract of human counterpart, which likely limited their efficacy in this study. Fortunately, a new antibody directed against the COOH-terminal of rat ␥ subunit has recently come out. After characterizing its ability to identify cleavage of ENaC proteins, we demonstrate diminution of cleaved native ␥ ENaC subunit in lung tissue homogenates of uPA Ϫ/Ϫ mice (Fig. 7) . To this point, it is widely accepted that ␤ ENaC could not be catalyzed by serine proteases.
ENaC activity is upregulated by the cAMP/PKA signaling. The suppressed basal ENaC activity in uPA Ϫ/Ϫ cells could result from the impairment of the cAMP/PKA system. In fact, both basal and cAMP-activated ENaC activities were decreased in uPA-deficient cells. In addition, the activation of CFTR was observed. These results exclude associated derangements of the cAMP/PKA system.
Although the reduction in Na ϩ -K ϩ -ATPase activity contributes to depressing ENaC activity in uPA-deficient cells, ENaC activity in the basolateral membrane-permeabilized cells decreased. We could not exclude the possibility that depressed ENaC downregulates Na ϩ -K ϩ -ATPase by feedback inhibition. With little doubt, the driving force-independent reduction in ENaC activity is likely due to posttranslational modifications.
ENaC is inhibited by activation of ERK1/2 and Akt signaling (3, 43) . ERK1/2 and Akt are downstream molecules of the uPA-uPAR pathway (74) . Augmented phosphorylation of ERK1/2 in uPA-deficient cells indicates that ENaC could be downregulated by an ERK1/2-mediated mechanism. The observations in ERK1/2-disrupted cells further substantiate the mediating role of ERK1/2 in the regulation of ENaC function by uPA. Our results exclude the potential involvement of Akt phosphorylation.
The removal of uPA gene stimulates cellular apoptosis (63) . Our immunoblot and transepithelial resistance data, however, are not supportive of the existence of apoptosis under our experimental conditions. If cell survival is significantly reduced in uPA null mice, the transmonolayer resistance should be decreased in uPA Ϫ/Ϫ cells. On the other hand, caspase 8, a key molecule of the apoptosis pathway, did not increase, indicating that the effect was not attributable to induction of cellular apoptosis.
Attenuation of uPA activity has been documented in arrange of respiratory diseases. Reduced uPA activity in parallel with substantive elevations in PAI-1 in both bronchoalveolar lavage and blood were observed in acute respiratory diseases (4, 30, 31, 62, 81) . The hallmark of these diseases is dysfunctional fluid homeostasis in the airways and alveolar compartment (29, 40, 54) . Our novel findings demonstrate that uPA contributes to fluid resolution across the respiratory epithelial layer. We infer that impaired regulation of ENaC by the uPA/plasmin system in the injured airways and lungs could contribute to the overall inflammatory responses in these locations.
In summary, this study provides novel evidence that uPA regulates ENaC activity via multifaceted mechanisms that relate to clearance of airway fluids in the injured lungs. uPA exerts its effects on proteolysis of ENaC, regulation of Na ϩ -K ϩ -ATPase, and modification of ERK1/2 signaling. This work links alterations in the expression of uPA activity to altered ENaC functionality in the injured lungs. 
